Photo-oxidation of densely packed monolayer of CdSe quantum dots ͑QDs͒ was studied by time-resolved photoluminescence ͑PL͒ spectroscopy. Electrons yielded in QDs by the strong laser-pulse irradiation can assist the oxidation of CdSe QDs. Such rapid photo-oxidation does not introduce more nonradiative defects, instead, it enhances the coupling between QDs through surface modification and the PL intensity can be significantly improved. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1590735͔
In recent years, colloidal quantum dots ͑QDs͒ have generated much interest for both fundamental research and technical applications due to their relatively reproducible and controllable synthetic chemistry and strong size-dependent optical properties. 1, 2 An important feature of these QDs is the relatively large surface-to-volume ratio. 3 The complex surfaces 4, 5 of the colloidal semiconductor nanocrystals usually are chemically and optically unstable. 6 In ambient environment, water molecules adsorbed on CdSe QDs lead to native oxidation of their surfaces. 7 The slow oxidation process yields some nonradiative defects and decreases the fluorescent properties. 7 Another important process closely related to the surface of QDs is the aging due to photoirradiation. 7, 8 To resolve the origin of the photo-oxidation process of colloidal QDs is a challenging task and will have big impacts on the stability of QD devices as well as on describing the surface structures of these colloidal nanostructures.
Colloidal QDs dispersed in solid films present more opportunities for potential device applications than those in solvents. 9 When QDs are densely packed in solid films, the coupling of electronic excitations between proximal QDs could play an important role in the electronic and optical properties. 9, 10 In this letter, we report our experimental study of photo-oxidation of densely packed monolayer of CdSe QDs by time-resolved photoluminescence ͑PL͒ spectroscopy. We found that strong laser-pulse irradiation can induce rapid surface photo-oxidation, which does not increase more nonradiative defects, instead, it can enhance the coupling between QDs and significantly increase the PL intensity. These results indicate that the optical properties and the stability of colloidal QDs can be improved by proper photoirradiation, which are useful for optoelectronic device applications.
The method of synthesizing the high quantum-yield ͑QY͒ colloidal CdSe QDs used in this work was described in detail in Ref. 11 . The CdSe QDs used here have an average diameter of 4.5 nm with a size distribution of about 5% and a QY of about 85%. CdSe QDs' monolayer films were deposited onto fused silica substrates by a similar method described in Refs. 9 and 10. The inset of Fig. 1 shows the transmission electron microscopy ͑TEM͒ image of a typical part of a sample film. CdSe QDs can self-assemble into a densely packed array due to their nondispersive size distribution. The samples were placed inside a vacuum chamber with optical windows for optical measurements. The irradiation laser pulses, obtained by frequency doubling a modelocked Ti-Sapphire picosecond laser, were at ϭ420 nm with a 16.4 MHz repetition rate and 6.3 pJ per pulse. The laser intensity on the sample is ϳ0.5 kW/cm 2 . PL and timeresolved PL were obtained by a liquid-nitrogen-cooled charge coupled device camera and a time-correlated photoncounting system, respectively. All measurements were carried out at room temperature.
The irradiation of the 420 nm laser pulses has no obvious effect on the QDs when the sample is placed in vacuum. However, if the sample film is placed in the ambient air environment, the photoirradiation induces a blueshift in PL peak position and a significant change in PL intensity. The PL spectra are strongly affected by the irradiation time of the samples in air. Figure 1 shows the evolution of PL spectrum of the 4.5 nm QD film for different irradiation time. Figure 2 shows the peak shift and PL intensity of the PL spectrum a͒ Electronic mail: mxiao@uark.edu FIG. 1. Evolution of PL spectrum of 4.5 nm CdSe QDs ͑with 85% QY͒ under photoirradiation. Curves ͑a͒, ͑b͒, and ͑c͒ are PL spectra with photoirradiation times of 0, 2, and 60 s, respectively. The gray line ͑d͒ is the best Guassian fit of curve ͑c͒, which indicates that PL spectrum deviates from the symmetric shape. The right inset is for the PL ͑solid line͒ and absorption spectra ͑dashed line͒ of the initial QDs and the left inset is the typical TEM image of the sample.
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 1 7 JULY 2003 versus laser irradiation duration. The PL intensity first increases dramatically and reaches a maximum ͑more than 200% of the initial value͒ after 2 s, then begins to decrease. For colloidal CdSe QDs used in the experiment, the PL decay of single QDs typically has a biexponential form as A 1 exp(t/ 1 )ϩA 2 exp(t/ 2 ). 1 is about 4 ns and 2 is about 21 ns. However, the measured PL decays of the densely packed QDs deviate from such biexponential behavior and the nonexponential feature becomes more pronounced with the increase of irradiation time. Figure 3 shows a typical PL decay curve monitored at the PL peak after irradiating the sample for 33 s and indicates that the best biexponential fit ͑dashed line͒ has an obvious deviation from the experimental data. The densely packed QDs in the sample have small spacing ͑2-3 nm surface-to-surface͒ between proximal dots, as shown in the inset ͑TEM image͒ of Fig. 1 . The QDs are so near that electronic energy transfer between proximal dots becomes significant. 9, 10, 12 It has been demonstrated earlier that there is Förster energy transfer in such solid QD film if the distance between CdSe QDs is in nanometer scale. 9, 10 All the decay curves before and after photoirradiation can be fitted well by the Förster's law 9, 12, 13 
͑1͒
where N single (t) and are the biexponential fit and the weighted average lifetime of the single QDs, 12 respectively. The parameter ␥ is related to the interaction strength between neighboring QDs. Both the parameters and ␥ are dependent on the laser irradiation time, as shown in Fig. 4 . With increasing irradiation time, the average lifetime of QDs decreases and approaches a constant value after ϳ100 s. The increase of ␥ value with increasing irradiation time indicates that photoirradiation enhances the coupling between QDs.
The blueshift of PL spectrum of CdSe QDs under irradiation, as shown in Fig. 2 , indicates shrunk dot size by oxidation. Researches on bulk silicon 14 and germanium nanostructures 15 have shown that photoirradiation can enhance oxidation of semiconductors and an electron-active photo-oxidation model was proposed. According to that model, electrons are excited from semiconductor's valence band by above-band gap photoirradiation and drift towards the surface. The presence of free electrons near surface will moderate the dissociation of molecular oxygen, which results in charged atomic oxygen. Compared to the molecular oxygen, the atomic oxygen is more chemically active, which makes the oxidation process in CdSe QDs possible at room temperature. It is proposed that the ''smoothness'' of the QD surfaces decreases the probability of capturing electrons by the surface traps. 11 Therefore, electrons are possible to be actively present near QD surfaces, and the photo-oxidation can progress efficiently. As demonstrated by experiments on porous Si, 16 the rapid oxidation is quite different from the slowly native oxidation. It does not introduce too many nonradiative defects on the surfaces of QDs, and the QY of single QDs just decreases slightly ͑from 85% to ϳ75% after 2 s of laser irradiation͒. Also, no photo-oxidation can be observed from the densely packed QD samples upon irradation of below-band gap laser pulses, which agrees well with the electron-active photo-oxidation model. 14, 15 One of the PL features shown in Figs. 1 and 2 is that the emission from densely packed QDs is enhanced at the early stage of photooxidation. It has been reported that luminescence of CdSe QDs can vary through modification of surface defect traps by the adsorbed water/oxygen molecules. 7 However, we did not see any increased luminescence from solid films made of single QDs in the air, which implies that the adsorbed water/ oxygen molecules can only play a minor role in this enhanced luminescence. This is mainly due to the fact that surface reconstruction of our as-grown high QY QDs and their good surface passivation by dioctylamine, hexadecylamine, and trictylphosphine oxide have efficiently removed the surface defect traps. 11 We propose that the PL enhancement is mainly due to the coupling process. The coupling between QDs provides another decay channel for the excited carriers in QDs to quicken the radiative 10,17 /nonradiative 9 decay rates of excitations. If QDs are defective ones, the coupling between QDs induces a higher possibility of capturing excitons by the surface nonradiative traps and, thus, decreases the QY. Since the CdSe QDs used here have a quite high QY ͑i.e., fewer surface nonradiative traps͒, 11 and no large amount of defects are induced in the first 2 s of irradiation, the coupling quickens the radiative decay rate of excitations and enhances the PL intensity. 17, 18 Contribution to the change of radiative decays due to size shrinkage in the photo-oxidation process is very small, as measured for the as-grown single QDs with such size deviation.
On the other hand, excessive irradiation will induce a large amount of nonradiative traps 8 and thus, the coupling will dramatically decrease the PL intensity, as shown in Fig.  2 . There could be two kinds of coupling processes. First, the QD arrays consist of smaller dots and larger dots although the size distribution is narrow. Long-range resonant transfer of electronic excitations from the smaller dots ͑donors͒ to the larger dots ͑acceptors͒ is possible. 9, 10 Second, the emission from CdSe QDs usually exhibits a spectrum with a full width at half maximum much larger than thermal energy kT and has an obvious spectral overlap with their absorption spectrum, as shown in the right inset of Fig. 1 , so the energy of a QD with a high-energy exciton can be absorbed by its neighboring QD with the ground state by dipole-to-dipole mode and a lower-energy exciton can then be formed there. 12 In this case, energy transfer occurs between proximal dots even if their sizes are the same, similar to experiments on molecules. 12 The cascade from higher to lower energy makes the PL spectrum asymmetric with a low-energy tail, as shown in curve c of Fig. 1 .
According to Förster's theory, 9,13 the parameter ␥ in Eq. ͑1͒ is proportional to R 0 3 . For randomly oriented dipoles, R 0 ͑the critical energy transfer distance͒ can be written as
, where P() and A() are the PL spectrum of the donor and the absorption spectrum of the acceptor, respectively. The bigger the overlap between the PL and the absorption spectra is, more efficient the coupling will be. QDs with a smaller Stokes shift should have a more efficient coupling between proximal dots with the same size. Research on spherical CdSe QDs has shown that smaller QDs have a larger Stokes shift. 1 With photo-oxidation, the size of QDs becomes smaller, so the coupling effect would normally be expected to be weakened. However, Fig. 4 indicates that the coupling is enhanced with photo-oxidation. This can be explained by the fact that the Stokes shift is actually reduced by the modification of the surface of CdSe QDs due to photo-oxidation. The out-shell of initial CdSe dots is more likely consisted of Se atoms since excessive Se precursor is used in synthesizing these QDs. 11 The Se atoms will be replaced by O atoms after oxidation and the out-shell of the oxidized CdSe QDs will become Cd atoms. 19 Theoretical calculation indicates that CdSe QDs with Cd out-shell should have a smaller Stokes shift. 20 In addition, the electron-hole exchange interaction may be screened by the Cd oxide layer captured onto the CdSe QDs after oxidation, 21 which will also reduce the Stokes shift. 20, 21 In summary, we have shown that electrons yielded by photoirradiation can assist the oxidation process of CdSe QDs, which can significantly improve PL intensity because the coupling strength is enhanced. Such study of photooxidation on densely packed QDs is very useful in understanding surface oxidation processes of colloidal QDs and will have significant impacts for device applications of such densely packed QD films.
